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ARTICLE INFO ABSTRACT

Keywords: Present study aims to examine the impact of lockdown on spatio-temporal concentration of PMz 5
Lockdown and PMj . categorized and recorded based on its levels during pre-lockdown, lockdown and
Delhi

COVID-19
Particulate matter
Meteorological parameters

unlock phases while noting the relationship of these levels with meteorological parameters
(temperature, wind speed, relative humidity, rainfall, pressure, sun hour and cloud cover) in
Delhi. To aid the study, a comparison was made with the last two years (2018 to 2019), covering

Public health the same periods of pre-lockdown, lockdown and unlock phases of 2020. Correlation analysis,
linear regression (LR) was used to examine the impact of meteorological parameters on partic-
ulate matter (PM) concentrations in Delhi, India. The findings showed that (i) substantial decline
of PM concentration in Delhi during lockdown period, (ii) there were substantial seasonal vari-
ation of particulate matter concentration in city and (iii) meteorological parameters have close
associations with PM concentrations. The findings will help planners and policy makers to un-
derstand the impact of air pollutants and meteorological parameters on infectious disease and to

adopt effective strategies for future.

1. Introduction

Clean and fresh air is one of the basic requirements of good human health as well as well-being of people. However, air pollution
has recently become a significant health hazard across the world due to a rapid growth in urbanization, economic development, energy
consumption, transportation and motorization. Air pollution is not only one of the biggest issues in developing countries, but an urgent
problem negatively affecting developed countries as well. The cities of developing countries are more polluted than the cities of
developed countries. Exposure to air pollution was treated as the biggest environmental health risk of the world (Anenberg et al., 2010;
Krewski et al., 2009; Pedersen et al., 2013; Pope lii et al., 2002; Smith et al., 2014; Sun et al., 2019; Weinmayr et al., 2015) that causes
approximate 7 million deaths per year (WHO World Health Organization, 2014). The concentration of particulate matter (PM)
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including PM, 5 has hence become a major cause of concern when it comes to global environmental health. The concern reigns su-
preme everywhere, including the capital city of India - Delhi, which is the prime focus of the present study. Air quality assessment,
particularly of PM; 5 concentrations over Indian cities has become a core public concern due to the serious health risks that accompany
their rising levels. In India, premature deaths due to PM; 5 exposure have increased significantly since 1990 (as per a recent estimate
(2016), approximately 1.0 million premature deaths can be attributed to PMy s exposure (https://vizhub.healthdata.org/gbd-
compare/india). Most of the polluted cities of India are concentrated in and around the National Capital Territory of Delhi (NCTD),
making this region a leading hub of pollution in the world (Guttikunda and Calori, 2013; Tiwari et al., 2012; Pandey et al., 2016). The
cities of NCTD including Delhi, Gurugram, Faridabad (Haryana) and several other cities located in Uttar Pradesh and Bihar are the
most vulnerable to PM, sexposures. In previous research studies, it has been well documented that the concentration of PMy 5 in the
IGP, particularly the NCT of Delhi exceed the National Ambient Air Quality Standard (annual NAAQS) of 40 pg/m? (it is four times
higher than the WHO’s standard limit) (Chowdhury et al., 2019; Chowdhury and Dey, 2016; Dey et al., 2012; Tiwari et al., 2013). A
number of policies were thus consequently implemented to reduce pollution levels across the cities of India. For instance, in the NCT of
Delhi, measures covered the shutting down of factories, revamping of the public transport system, use of compressed natural gas (CNG)
and reduction in the use of sulphur content diesel (Chowdhury et al., 2019; Goel and Pant, 2016; Narain and Krupnick, 2007). In
addition to this, National Green Tribunal act was imposed in 2015 for banning diesel vehicles older than 15 years to reduce pollution
levels within the city. All these improved levels. No measure, however, proved especially effective for Delhi NCR, a region equally
polluted as Gurugram, Faridabad, Agra, Panipat, Budh nagar etc. The concentrations of PMy 5 remained higher than the NAAQ
standards even after the implementation of a number of measures (some as listed above) over this region along with the IGP
(Chowdhury et al., 2019). From the above analysis, it was easy to realize that the mere implementation of policies and regulations
could not be enough to reduce pollution levels over cities. Short term lockdowns (3 to 7 days), in addition, may prove to be an
alternative measure to effectively combat extreme pollution levels ailing the most polluted cities of India. This will, most of all, be of
urgent help to the city of Delhi (The most recent World Air Quality report (2018) published by IQ Air Visual on the basis of PM5 5 level
declares India’s capital city as the most polluted capital city in the world, with an average annual PM, 5 measuring 113.5 pg/m°>).

In previous research studies, it was recognized that there is a strong association between particulate matter and the outbreak of
various diseases such as respiratory infection, asthma, lung cancer etc. (Raaschou-Nielsen et al., 2013; Beelen et al., 2014; Pedersen
et al., 2013; Cesaroni et al., 2014; Adams et al., 2015). These studies helped to establish an evident relationship between air pollution
and respiratory diseases. Most of them, however, were performed in Europe and North America, with very few studies being conducted
in and focusing upon Asian cities (Maji et al., 2018a, 2018b). The COVID-19 pandemic has brought change in this scenario. During this
period, studies have been initiated with renewed vigour in Asia, with several being performed to examine the impact of lockdown on
air quality in India (Mahato et al., 2020; Sharma et al., 2020; Singh et al., 2020). All the same, the association of air pollutants with
meteorological parameters and COVID-19 at city scale remains limited and unexplored in the context of Indian megacities.

It is widely known that the capital city of India i.e. Delhi is considered as one of the most polluted megacities of the entire world
(Gurjar et al., 2010). Most of the year, Delhi violates the standard limits of the NAAQS (Guttikunda and Goel, 2013). Previously, a few
research studies have been performed which focus on the relationship of air quality with respiratory diseases (Kumar et al., 2010;
Balakrishnan et al., 2011; Rajarathnam et al., 2011; Dholakia et al., 2014; Maji et al., 2017; Chhabra et al., 2001; Pande et al., 2002;
Agarwal et al., 2006; Jayaraman, 2008). In recent times, however, to the best of our knowledge, no studies have been performed to
examine the relationship of particulate matters with COVID-19 in Delhi during the lockdown situation. Air pollutants, especially
particulate matters, can play a crucial role in COVID-19 transmissions and infection in two ways. Firstly, the spreading of airborne
viruses is greatly affected by fine particles (Andree, 2020). COVID-19, being a respiratory disease, can linger in aerosols for hours (van
Doremalen et al., 2020; Zhu et al., 2020a; Zhu et al., 2020b). Secondly, it has been recognized that air pollution has tremendous impact
on lung surfactant composition as well as lung damage (Pastva et al., 2007). Thus, air pollution makes the human body more
vulnerable to respiratory infections, asthma and other chronic diseases (Fattorini and Regoli, 2020; Kim et al., 2018; Korber, 2020).
The lungs are the main targets of corona-virus (Ali and Alharbi, 2020), thus the chances of infection may rise if one is exposed to severe
air pollution (Zhang et al., 2020). It was mentioned in previous literatures and WHO’s report (2018) that Delhi is the most polluted
capital city. Higher levels of air pollution within the city may hence have a significant impact on COVID-19 transmissions as well as
mortalities in Delhi.

COVID-19 has already been declared a ‘global pandemic’ by the World Health Organization on 11 March 2020. The outbreak of
COVID-19 has brought to the fore an unprecedented threat to human health (Das et al., 2021a; Das et al., 2021b). To combat the new
disease, a number of countries adopted restrictions in order to fight its highly communicable nature. It was stated in previous studies
that the spreads of COVID-19 cannot be examined through geographic distance, population density, age composition and epidemic
models (Becchetti et al., 2020; Setti et al., 2020; Travaglio et al., 2020; Wu et al., 2020a; Wu et al., 2020b). Instead, COVID-19
transmissions and infections are greatly affected by atmospheric conditions (Bashir et al., 2020a; Bashir et al., 2020b; Becchetti
et al., 2020; Fattorini and Regoli, 2020; Qi et al., 2020; Xie and Zhu, 2020; Wang et al., 2020a). COVID-19 spreads via respiratory
droplets, close contact as well as through air via aerosols (Wang et al., 2020b; Paules et al., 2020; van Doremalen et al., 2020). Now the
basic question that needs to be addressed in this context is how these atmospheric conditions affect COVID-19 transmissions. To
understand this, it is important to find out the relationship of COVID-19 transmissions and mortalities with meteorological parameters
(such as temperature, humidity, wind speed etc). Recent studies are available to observe the same, studies which have documented
that meteorological parameters have a crucial impact on COVID-19 transmissions as well as mortalities (Bashir et al., 2020a; Becchetti
et al., 2020; Fattorini and Regoli, 2020; Qi et al., 2020; Xie and Zhu, 2020; Wang et al., 2020b).

Recently, several studies have been performed across the cities of the world to examine the immediate impact of lockdown on air
pollution levels (Otmani et al., 2020; Tobias et al., 2020; Xu et al., 2020). In China, the concentration of primary air pollutants (such as
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PM, 5, PM10, SO2, CO and NOy) in three major cities have declined by 30.1%, 40.5%,33.4%, 27.7% and 14.9%, respectively due to
lockdown (Xu et al., 2020). Other studies have, in addition to this, recorded similar results in the major cities of Spain, Brazil and
Morocco (Dantas et al., 2020; Otmani et al., 2020; Tobfas et al., 2020; Xu et al., 2020). In India as well, a number of studies have been
performed to assess the impact of lockdown on air quality (Jain and Sharma, 2020; Mahato et al., 2020; Mahato and Ghosh, 2020;
Singh and Chauhan, 2020; Sharma et al., 2020). These vital studies performed in India primarily take into account large megacities and
other most polluted regions. After a quick review of the previously published studies on the assessment of air pollution level, few
notable research gaps have been identified. First, the previous research studies on the assessment of air quality have focused on
particular megacities such as Delhi (Mahato et al., 2020; Khan, 2020; Sikarwar et al., 2020) and Kolkata (Sarkar et al., 2021), but very
few studies were performed on the relationship between particulate matter concentration and meteorological parameters (Dhaka et al.,
2020). Second, although many recent studies have been performed to assess air pollution levels in India during lockdown phases
(Mahato and Ghosh, 2020; Sharma et al., 2020), very few studies have been carried out during the progression of the unlock phases of
lockdown in India (Ravindra et al., 2021). Third, to the best of our knowledge, seasonal variations of particulate matter concentration
were studied for the first time during lockdown periods. Delhi, being one of the most polluted cities in the world, it is very essential to
model spatial concentration of air pollutants and to find out its relationship with meteorology. Thus, the findings of the study will study
assist (a) to understand that how restricted emissions from various sources can improve the air quality (b) during unlock down periods
the air quality improved in comparison to pre-lockdown periods even after relaxation of guidelines. Thus, short terms lockdown may
be an effective measure to improve the air quality of the city and to enhance the quality of life of the urban citizens.

2. Materials and method
2.1. About study area: Delhi megacity

The air quality in Delhi, the capital of India, according to a WHO survey world cities, is the worst of any major city in the world.
Pollution in Delhi, which spikes during winter, had hit almost 30 times the WHO’s safe limits in the second week of November 2016.
Air pollution in India is estimated to have killed 1.5million people in 2012, giving it the position of the fifth most frequent cause of
death in India. India has the world’s highest death rate from chronic respiratory diseases and asthma, according to WHO reports
(2018). Two prominent features pertaining to the geography of Delhi are the Yamuna flood plains and the Delhi ridge. The Yamuna
River was once the historical boundary between Punjab and UP, and its flood plains provide fertile alluvial soil suitable for agriculture,
although being prone to recurrent floods. Delhi has been continuously inhabited since the sixth century BCE (Asher, 2000). Through
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most of its history, Delhi has served as a capital of various kingdoms and empires. It has been captured, ransacked and rebuilt several
times, particularly during the medieval period, and modern Delhi is a cluster of many cities spread across the metropolitan region
(Sikarwar et al., 2020). The city extends between 28°24'30"N to 28°53'4”N and 76°49'58"S to 77°20'15"S, respectively (Fig. 1). The
state of Delhi is characterized by weather extremes. Both summer and winter are severe with June being the hottest month and January
the coldest. The annual rainfall is around 700 mm. Maximum rain occurs during July to August. The city is 216 m above the mean sea
level (MSL) (Table 1). The city is surrounded by other major growth centers of adjoining states such as Haryana and Uttar Pradesh, and
the geographical location of this city influences the weather conditions of Delhi. Thus, the significant variations in climate in the
specified geographical region may influence the PMj; 5 concentrations. The population in Delhi was more than 16 million in 2011 as per
Census of India (2011). The population density of National Capital Territory (NCT) of Delhi grew substantially from 1176 to 11,297
people per square kilometer of land area between 1951 and 2011 as per Census of India.

2.2. Collection of air quality data (PMz 5 and PMjp)

In Delhi air pollution level is monitored by Central Pollution Control Board (CPCB) (also known as National Air Quality Monitoring
Programs- NAMP), Government of India. For the assessment of particulate matter concentrations in Delhi, data has been collected from
the CPCB online portal from 2018 to 2020. CPCB monitors across about 793 monitoring stations extending 344 cities of India (over 29
states and 7 Union Territories). CPCB provides data on major air pollutants such as Suspended Particulate Matter (SPM), Carbon
Monoxide (CO), Sulphur Dioxide (SO2), Nitrogen Dioxide (NO3), Ozone (Os3), respectively. Daily data of particulate matter concen-
tration has been collected from 31 air quality monitoring stations in Delhi from five zones (North, South, East, West and Central). These
air quality monitoring stations are operated by CPCB and Delhi Pollution Control Board (DPCB). The details of the air quality
monitoring stations are presented in Table 2.

The COVID-19 pandemic has already faced three monsoonal seasons i.e. pre-monsoon (March to May), monsoon (June to
September) and winter (December to February), respectively. Most interestingly, these three monsoonal seasons are well-matched
with pre-lockdown (winter-January to February), during lockdown (pre-monsoon-April to May) and unlock phases (June onwards).
Thus, seasonal variation of particulate matter can easily assist to understand any variation over different phases of lockdown.

2.3. Collection of meteorological data

In this study, the relationship between particulate matter concentration and meteorological parameters has been assessed from
2018 to 2020 during the same periods of time which have, in 2020, fallen under lockdown and unlock phases. In previous research
studies, it was recognized that there was a strong relationship between air pollutants and meteorological parameters (Zhang et al.,
2015a; Zhang et al., 2015b; Dholakia et al., 2014; Banerjee et al., 2011). Thus it is essential to consider meteorological parameters
while discussing temporal concentrations of particulate matters. In addition to this, there was a substantial decrease in air pollutant
concentrations across many cities of the world due to COVID-19 induced lockdown. In this context, solely assessing the impact of
lockdown on spatio-temporal concentration is not enough. It is rather crucial to consider the meteorological parameters during the
different lockdown and unlock phases and compare it with previous meteorological conditions during the same periods. This study
considers seven meteorological parameters from 2018 to 2020 during periods same as that of the lockdown and unlock phases to
understand the relationship between particulate matter concentrations and metrological parameters. The data related to meteoro-
logical parameters has been collected from world weather on line portal (https://www.worldweatheronline.com/).

Table 1
City profile- Delhi NCR.

Basic information

Official name The National Capital Territory of Delhi (NCTD)

Formation 1985

Local bodies (i) New Delhi Municipal Council (NDMC) (ii) Delhi Cantonment Board (DCB) (iii) North Delhi Municipal Corporation (iv) South
Delhi Municipal Corporation (v) East Delhi Municipal Corporation

Administrative units 9 districts and 27 sub-districts

Demographic profile (Census of India, 2011)

Total population 16.3 million

Population density (person/ 11,297

km?)

Literacy rate (%) 86.2

Urban population (%) 97.5

Climatic features

Climate type Semi-arid

Season (i) Summer-March to May (ii) Monsoon-June to September (iii) Post monsoon- October to November (iv) Winter- December to
February and (v) Pre-monsoon-March to May

Temperature (°C) in winter 4to 10

Temperature (°C) in summer 42 to 48

Precipitation (mm) 762
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Table 2
Details of the air quality monitoring stations (considered in this study) in Delhi Megacity (Author’s own classifications).
Zones in Number of Name of the station
Delhi stations
West 4 Najafgarh; NSIT-Dwarka; Dwarka Sector 8; Mundka
East 9 Anand Vihar; CRRI - Mathura Road; Patparganj; Sonia Vihar; Vivek Vihar; IHBAS-Dilshad Garden; ITO - Delhi; IP Extension;
Gazipur.
South 7 IGI Airport; Sri Arobindo Marg; Ayanagar; Dr. Karni Singh Shooting Range; Siri Fort; Nehru Nagar; Jawaharlal Nehru
Stadium
North 5 Bawanalndustrial Area; Narela; Pooth Khurd; DTU-Rohini; Alipur
Central 6 DPCC - Pusa Road; Shadipur; Mandir Marg; Wazirpur, Ashok Vihar; Major Dhyan Chand National Stadium

2.4. Statistical analysis

There is a strong relationship between meteorological parameters and air pollutants. In many previous research studies, correlation
analysis was performed to examine the relationship between air pollutants and meteorological parameters (Lin et al., 2015;
Grinn-Gofron et al., 2011; Kliengchuay et al., 2018; Owoade et al., 2012; Trivedi et al., 2014). But till now no study has been performed
to examine the relationship between meteorological parameters and particles matter concentrations on severely affected cities in India
during COVID-19 pandemic. In this study, correlation coefficient (r) has been performed to examine the relationship between par-
ticulate matter concentration and meteorological parameters during periods same as that of lockdown and unlock phases from 2018 to
2020. This assessment of correlation will not only assist to understand the relationship between particulate matter concentrations and
meteorological parameters during lockdown and unlock phases, but also help to understand the degree of relationship in previous
years during the same periods.

The concentrations of particulate matters are largely affected by meteorological conditions. In previous research studies it was well
recognized that there were significant impact of meteorological parameters on the concentration of particulate matter (Lin et al., 2015;
Wang et al., 2015). In this study, simple linear regression (LR) model was used to examine the impact of meteorological parameters on
particulate matter concentration. The concentration of particulate matters (PMy s and PM;o) have been considered as dependent
variables and meteorological parameters (such as temperature. Wind speed, relative humidity, rainfall, pressure, sun hour and cloud
cover) have been considered as independent variables. LR model can be expressed as shown in Eq. (1):

Yi = 0+ p1X1+ ¢l 1)
where, Y; is the dependent variables; By is the estimate of regression intercept; B; is the estimate of regression slope; Xjis the inde-

pendent variables and €; random error term.
All the statistical analysis has been performed using SPSS (version 22) software (Fig. 2).

Statistical
Analysis
. g Correlation
Sl ?g;l(';l’;)d"" Analysis
Inverse Distance Weighting .Li“‘i"‘;‘ o
Meteorological data (IDW) Exgresslon (LR) mode
(World Weather on
line)
Examining the relationship between
particulate matter and meteorological

parameters

Fig. 2. Methodological framework of the study.
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3. Result
3.1. Comparison pattern of particulate matters concentration in last two years

In case of PMy 5 (pg/m>), average concentration from April to August (2018) was 137 pg/m® (during periods of lockdown and
unlock phases in 2020) that declined to 87 pg/m?® in 2020 during the corresponding time periods (decreased by 36.36%). During full
lockdown periods (from 1st April to 31st May, 2020), average concentration was 175 pg/m> in 2018 that found to be 124 pg/m? in
2020 (declined by 30%). Again during unlock phases (up to phase III in 2020), the average concentration of PMy 5 was 112 pg/m® and
82 pg/m? in 2018 and 2019, respectively, that declined to 62 pg/m? in 2020 (Figs. 3 and 4).

Similar pattern of PM;o (ug/m>) has also been recorded over the eight selected stations in Delhi. Results recorded that average
concentration from April to August (2018) was 154 pg/m? (during periods of lockdown and unlock phases in 2020), which declined to
93 png/m® during corresponding time periods of 2020 (decreased by 40%). During full lockdown periods (from 1st April to 31st May of
2020), average concentration of PMy 5 was 216 ug/m3 in 2018 that reached to 118 pg/m3 in 2020 (declined by 46%). Similarly, during
unlock phases (up to phase III), the average concentration of PMy 5 was 113 pg/m® in 2018 that found to be 76 pg/m® in 2020
(decreased by 32%). Thus from the overall analysis it was clear that the concentrations of particulate matters (PM5 5 and PM; ) in Delhi
substantially decreased during lockdown and unlock phases. Thus, as per results, it has been documented that the concentrations of
particulate matter have substantially declined after the implementation of lockdown (since 25th March to 31st May 2020) and unlock
phases (since 1st June onwards, 2020) (Tables 3 and 4).

3.2. Pattern of particulate matter concentrations in different phases

3.2.1. Before lockdown period (from January to March, 2020)

Just before three months of lockdown, the concentrations of particulate matters were relatively high in Delhi. During the month of
January, average concentrations of PMy 5 (ug/m>) and PMio (pg/m®) were above 400 pg/m>and 350 pg/m>that reached to 300 pg/
m3and 250 pg/mg, respectively during February (Fig. 5).

3.2.2. During full lockdown period (from last week of March to 31st May, 2020)

In India, lockdown started from 25th March to 31st May, 2020 in four phases (i.e. phase I from 25th March to 14th April; phase II
from 15th April to 3rd May; phase III from 4th May to 17th May and phase IV from 18th May to 31st May, 2020). During lockdown
period, there was substantial decrease of particulate matter concentration in Delhi NCT in comparison to the pre-lockdown period. As
per results, it was also recorded that the concentration of particulate matters slightly increased in successive lockdown phases due to
relaxation of guidelines (such as allowing private vehicles to ply, reopening of markets, shopping malls etc). During phase I, the
average concentration of PMy s(ug/m%) and PM;o(pg/m®) were 70.61 pg/m® and 76.58 pg/m> which increased to 84.11 pg/m® and
86.38 pg/m3 during phase II, 94.16 pg/m3 and 98.62 pg/m3during phase III and 111.42 and 135.35 during phase IV of lockdown,
respectively (Fig. 6).
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Fig. 3. Concentration of PM; 5 (left) and PM; (right) (p,g/m3) before lockdown in 2018 during same periods.
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3.2.3. During unlock periods (from 1st June to 31st August, 2020)

In India, unlock has been started from 1st June 2020 and it continues. In this study concentration of particulate matters has been
assessed up to unlock III. Unlock I was started from 1st June to 30th June 2020 (30 days), unlock II was started from 1st July to 31st
July, 2020 (31 days) and unlock III was started from 1st August to 31st August, 2020(31 days) (Fig. 7).

As per results, it was documented that the concentrations of particulate matter substantially decreased in unlock I (except unlock I1I
for PMy) (Fig. 8). During unlock I, average concentrations of PM, 5 (jig/m>) was108 that declined by more than 30% (average) during
unlock II and III. On the other hand, during unlock I, average concentrations of PMyg (ug/m®) was 75 pg/m® that reached to 45 pg/
m3(declined by 45%) and 54 pg/m>(decreased by 20%) during unlock I and unlock II, respectively. During unlock phases, concen-
tration of particulate matter increased in many parts of the city due to relaxations of guidelines such as economic activities, trans-
portations etc.

3.3. Seasonal pattern of particulate matters concentration

As per results of the study, it was noted that there was considerable decrease of particulate matter concentrations in 2020 due to
lockdown in different monsoonal seasons (Tables 5 and 6). For example, in 2018 average concentrations of PMs s (pg/mS) and
PM;o(pg/m>) across 8 stations were 340 pg/m° and 280 pg/m® that declined to 246 pg/m3(decreased by 28%) and 178 pg/
m>(decreased by 36%) in 2020 during winter (pre-lockdown phases). During pre-monsoon (lockdown phases), average concentrations
of these two particulate matter were 176 pg/m>and 218 pg/m3in 2018 that reached to 123 pg/m3(decreased by 30%) and 115 pg/
m3(decreased by 47%) in 2020, respectively. Similar kind of result has been recorded during monsoon season (unlock phases). Thus
from the overall analysis, it is clear that the concentration of particulate matters decreased notably in different monsoonal seasons in
2020 as compared to the last two years (2018-2019) in Delhi (Fig. 9).

3.4. Relationship between meteorological parameters and particulate matter concentrations

Correlation coefficient (r) between particulate matters and meteorological parameters recorded presence of statistically significant
negative correlation between particulate matters and temperature in 2020 (r = —0.77 for PM 5 and — 0.66 for PM1() as well as in 2018
(r=—0.73 for PMy 5 and — 0.65 for PM;() and 2019 (r = —0.74 for PM; 5 and r = —0.74 for PM;), respectively. Wind speed had also
negative relationship with particulate matter concentration in 2020 (r = —0.39 for PM5 5 and — 0.279 for PM1), in 2018 (r = —0.34 for
PM, 5 and — 0.33 for PMjq) and 2019 (r = —0.61 for PM, 5 and — 0.27 for PMg), respectively. There was no further significant
relationship of particulate matters with any other meteorological parameters (such as relative humidity and rainfall). It can be
factually observed that there is a negative correlation between concentration of particulate matter and temperature (i.e. concentration
of particulate matter decreases with increasing temperature). In this study, the correlation between concentration of particulate
matters and meteorological parameters revealed that majority correlation coefficients (r) are similar with the previous research
studies, albeit with minor difference in case of relative humidity (Fig. 10 and Table 7). From the result, it was observed that the average
concentration of PMy 5 and PM during winter (January and February) was 246 (ug/m>) and 178 (ug/m>) with average temperature



Table 3

Concentrations of particulate matter PM 5 (ug/m>) in last two years and 2020 during same lockdown and unlock phases.
Stations 2018 2019 2020

April May June July August April May June July August Full Lockdown Unlock I Unlock II Unlock IIT
April May June July August

Shadirpur 163 233 233 920 63 74 114 152 73 46 24 156 43 71 35
RK Puram 148 210 210 84 65 77 68 123 74 35 29 124 30 47 34
IHBAS 233 186 213 95 74 81 340 210 130 34 18 189 61 51 38
DTU 125 195 195 78 46 63 80 146 91 26 38 233 56 86 59
Dwarka 176 148 190 68 47 45 66 130 48 14 37 186 49 78 48
Sirifort 181 179 179 48 39 43 73 121 51 13 38 159 66 84 52
Punjab Bagh 137 198 182 95 55 42 70 142 47 13 56 292 69 96 56
ITO 95 191 191 90 53 67 67 163 66 30 211 190 86 130 83

‘v 32 svq ‘W

#6001 (IZ0T) 6€ 230U Upq.)



Table 4

Concentrations of particulate matters PM;q (ug/m>) in last two years and 2020 during same lockdown and unlock phases.
Stations 2018 2019 2020

April May June July August April May June July August Full Lockdown Unlock I Unlock II Unlock IIT
April May June July August

Shadirpur 160 210 113 59 63 74 114 88 69 46 60 140 43 78 35
RK Puram 206 253 152 102 75 60 98 85 72 40 64 124 69 87 38
IHBAS 222 210 170 68 75 81 340 169 130 34 16 130 71 101 38
DTU 230 238 159 97 69 76 226 929 68 56 94 227 95 91 72
Dwarka 267 231 163 156 116 86 139 135 109 13 78 161 106 100 60
Sirifort 286 262 172 116 88 118 123 110 75 18 70 145 143 100 59
Punjab Bagh 178 196 153 135 78 69 120 84 63 18 69 270 80 96 61
ITO 144 174 149 104 80 63 111 72 74 21 85 150 69 73 81

‘v 32 svq ‘W

#6001 (IZ0T) 6€ 230U Upq.)
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Fig. 6. Average concentration of PMj 5 and PM;o (ug/m>) in Delhi during lockdown phases.

of 19 °C. On the other hand, during the month of pre-monsoon (March, April and May), average concentration of PM5 5 and PM;( were
138 (ug/m>) and 124 (ug/m>) with average temperature of 32.7 °C. Thus, it clearly denotes that there were negative relationship
between particulate matter concentration and temperature. Similarly wind speed also showed negative correlation with particulate
matter concentration as during the season of winter and pre-monsoon, the average wind speed was 9.5 (kmph) and 11.0 (kmph),
respectively. The seasonal variations of particulate matter with reference to meteorological parameters are shown in Fig. 11.

The average relative humidity remains high during winter and monsoon season and that result in the lack of a strong relationship
between particulate matters and relative humidity. Therefore, a very weak correlation (both negative and positive) has been observed
between relative humidity and particulate matters concentrations (r = —0.24 for PMy 5 and — 0.44 for PM;¢ in 2018, r = —0.26 for
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Fig. 7. Concentration of PM, 5 (left) and PM;, (right) (pg/m3) in Delhi megacity during unlock phases.
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Fig. 8. Concentration of PMy s and PM; (jig/m®) in Delhi megacity during unlock phases.

PM, 5 and r = —0.07 for PM;¢ in 2019 and r = 0.27 for PMy 5 and r = 0.14 for PM; ¢ in 2020, respectively). From previous findings, it
was observed that the correlation between particulate matters and meteorological parameters somewhat differ. This variation may be
due to locations and different climatic conditions such as temperature, rainfall, relative humidity patterns etc.

As per linear regression (LR) model, it was recognized that the concentrations of particulate matter (particularly PMy 5) was largely
influenced by meteorological parameters and showed positive associations with atmospheric pressure (R = 0.61), relative humidity
(R? = 0.60), temperature (R% = 0.59), sun hour (R? = 0.25), cloud cover (R? = 0.24), wind speed (R? = 0.15) and rainfall (R? = 0.53),

respectively (Table 8).
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Table 5
seasonal variations of PM, 5 (g/m>) concentrations in last two years (2018-2019) and during lockdown and unlock phase (2020).
Stations 2018 2019 2020
Winter Pre-monsoon Monsoon Winter Pre-monsoon Monsoon Winter Pre-monsoon Monsoon
Shadirpur 329.00 198.00 128.67 308.50 94.00 89.67 269.50 90.00 49.67
RK Puram 349.00 179.00 119.67 327.00 72.50 103.00 213.00 76.50 37.00
IHBAS 254.50 206.50 119.67 325.50 210.50 124.67 201.50 103.50 50.00
DTU 376.00 160.00 106.33 322.00 71.50 87.67 271.50 135.50 67.00
Dwarka 357.50 183.00 98.33 260.00 55.50 64.00 285.00 111.50 58.33
Sirifort 360.00 180.00 88.67 284.50 58.00 61.67 246.50 98.50 67.33
Punjab Bagh 351.50 158.50 110.00 316.50 56.00 67.33 245.00 166.00 65.33
ITO 346.00 143.00 113.67 321.50 67.00 83.00 236.50 205.50 99.67
Table 6
seasonal variations of PM; ¢ (ug/m3) concentrations in last two years (2018-2019) and during lockdown and unlock phase (2020) in selected stations.
Stations 2018 2019 2020
Winter Pre-monsoon Monsoon Winter Pre-monsoon Monsoon Winter Pre-monsoon Monsoon
Shadirpur 218.50 185.00 78.33 308.50 94.00 75.33 183.00 94.00 52.00
RK Puram 299.00 228.00 99.00 306.50 79.00 65.67 176.00 94.00 66.00
THBAS 217.00 231.00 104.33 325.50 210.50 111.00 142.50 68.00 73.00
DTU 289.00 234.00 108.33 273.00 151.00 74.33 212.50 160.50 86.00
Dwarka 311.50 256.00 140.67 305.00 112.50 85.67 251.00 119.50 88.67
Sirifort 310.00 274.00 125.33 335.50 120.50 67.67 168.00 107.50 100.67
Punjab Bagh 317.50 179.00 121.00 268.00 94.50 55.00 162.50 167.50 80.67
ITO 284.50 159.00 111.00 237.50 87.00 55.67 133.00 113.50 74.33
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Fig. 9. Seasonal variations of PM, 5 and PM;, in some selected stations on Delhi.

4. Discussion

In this present study, the concentrations of particulate matters (PMz s and PM;) in megacity- Delhi has been assessed in pre-
lockdown, during lockdown and unlock phases (up to phase III). The concentration of particulate matters in Delhi has also been
compared with previous years during same periods of lockdown in order to aid better understanding of the impact of lockdown during
different phases in last two years (2018 to 2019). From the results of the study, it was recognized that the concentration of particulate
matter substantially decreased during lockdown and unlock phases in Delhi. Thus, the outbreak of COVID-19 provided an opportunity
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Fig. 10. Scatter plots showing the relationship between particulate matters and meteorological parameters.
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Fig. 10. (continued).
Table 7
Comparison correlation coefficient (r) of suspended particulate matters (SPM) with meteorological parameters.
Contents Meteorological parameters
Average temperature Wind speed Relative humidity Rainfall References
Previous studies -0.762 —-0.109 0.249 —0.561 Banerjee et al., (2011)
—0.303 —0.431 0.09 Ilten and Selici (2008)
—0.622 0.047 0.47 —0.141 igaga and Sabah (2009)
—0.795 —0.64 0.13 —0.075 Turalioglu et al. (2005)
0.05 to (—0.65) 0.15 to (—0.35) —0.08 to (+0.058) Monn et al. (1995)
In this study PM s 2018 —0.737 —0.343 —0.24 —0.64 -
2019 —0.741 —0.611 0.266 —0.437
2020 -0.779 —0.392 0.277 -0.23
PM 19 2018 —0.657 —0.344 —0.44 —0.743 -
2019 —0.745 —0.577 —-0.071 —0.419
2020 —0.668 —0.279 0.143 —0.254

to understand the impact of lockdown on environmental pollution level. Recently, a number of studies were performed observing the
assessment of air quality after the outbreak of COVID-19 across the world (He et al., 2020; Liu et al., 2020b; Watts and Kommenda,
2020; Cadotte, 2020; Ogen, 2020; Coccia, 2020). In these studies, it was documented that the air pollution levels substantially declined
due to outbreak of COVID-19, particularly because of lockdown. In India a number of studies were performed to find out the impact of
lockdown on air quality (Dhaka et al., 2020; Maji et al., 2021; Manchanda et al., 2021; Navinya et al., 2020; Roy and Balling Jr, 2021;
Singh and Chauhan, 2020). More particularly, a study was conducted by Mahato et al. (2020) in Delhi, India, with results showing that
the concentration of PMjy 5 level has declined after the implementation of lockdown.

Rapid rate of urbanization is taking place in India due to excessive migration to cities (Rai, 2012). As a result of this, the percentage
of urban population is likely to reach 50% by 2050. This Urbanization is being promoted by consumption of energy and fuel, primarily
in transport and industrial sectors leading to high pollution levels (Gambhir et al., 2017). Purohit et al. (2010) estimated that the
concentration of PM; 5 will increase by 25% in 2030 in India. Even the concentrations of other air pollutants such as sulphur dioxide
(SO») and nitrogen oxide (NO3) also likely to increase by 3 to 5 times. The annual average concentration of PMs 5 is expected to reach
150 pg/m® in most Indian cites by 2050 (TO OEO. 2050). In this context, it is essential to carry out continuous assessment of air
pollutants to build environmental sustainability and sustainable urban health.
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Fig. 11. Seasonal variation of particulate matter with reference to meteorological parameters since 2018 to 2020.

Table 8
Severely COVID-19 affected cities in India (by 12th June 2020).
City States/UTs In percentage In percentage Temperature (°C) Relative humidity (%) Wind speed (kmph)
h
to the state to the country During full During During full During During full During
lockdown unlock lockdown unlock lockdown unlock
periods periods periods
Mumbai Maharastra 55 18 31 28.66 68 79.66 13.95 22.5
Delhi Delhi 60 11 36.5 37.7 18.5 41.66 11.45 11.03
Chennai Tamil 70 9 31 30.66 71 67.66 17.75 17.63
Nadu
Thane Mabharastra 29 5.22 33 29.33 58 75.33 11.45 18.53
Ahmedabad  Gujarat 70 5.21 35.5 32.33 29.5 64 15.9 15.73

In previous literature, it was recognized that climatic conditions were one of the significant predictors of corona-virus illnesses
because meteorological conditions (such as wind speed, temperature, humidity) play a vital role in transmitting infectious disease
(Dalziel et al., 2018; Yuan et al., 2006). Recent studies were performed to find out the relationship between meteorological parameters
(such as air temperature, relative humidity, and wind speed) and COVID-19 across the world (Xie and Zhu, 2020; Yongjian et al., 2020;
Liuetal., 2020b; Wang et al., 2020a; Auler et al., 2020; Ma et al., 2020; Gupta et al., 2020; Wu et al., 2020a; Wu et al., 2020b; Jiang and
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Xu, 2020). Most of these studies have reported that there was a significant association between meteorological parameters and COVID-
19. For example, Zhu et al. (2020c¢) performed a study encompassing 122 cities in China and the result of the study recorded that there
was a positive liner association between average temperature and COVID-19 cases. A study was also performed by Kumar and Goyal
(2011) in India to examine the impact of meteorological parameters on COVID-19. The findings of the study recorded that there was a
positive relationship between temperature and COVID-19 cases, along with a mixed association with humidity. Recent literatures
revealed that temperature had a surprising impact on COVID-19 transmission in Brazil, China and other countries (Prata et al., 2020;
Qi et al., 2020; Wang et al., 2020b; Wang et al., 2020a; Wang et al., 2020b). Humidity was considered as one of the significant
meteorological factors with respect to COVID-19 transmission (Ali and Alharbi, 2020; Auler et al., 2020; Bashir et al., 2020a; Bashir
et al., 2020b), pertaining to how it is partially suppressed with increasing humidity (Ahmadi et al., 2020; Wu et al., 2020a; Wu et al.,
2020b). Wind speed acts as a significant meteorological factor in spreading respiratory infectious diseases and it affects corona-virus
infection by influencing air quality (Ellwanger and Chies, 2018; Frontera et al., 2020; Wang et al., 2020a; Zhu et al., 2020a; Zhu et al.,
2020Db), It was consequently observed that the impact of wind speed on COVID-19 transmissions was controversial i.e. it ranges from
negative (Ahmadi et al., 2020) to positive (Sahin, 2020), to insignificant (Bashir et al., 2020a).

In many previous research studies, it was documented that urban ambient air pollution was closely associated with deaths due to
respiratory causes (Schwartz, 2005; Bell et al., 2006; Wilson, 2014; Pekkanen et al., 2002; Brooks et al., 2010). In addition to this, the
link between particulate matter concentration and risk of respiratory morbidity was widely studied (Ostro et al., 1995; Schwartz and
Morris, 1995; Agarwal et al., 2006; Maji et al., 2018a, 2018b). There was significant positive as well as statistical association of
respiratory disease with air pollutants (Wong et al., 2002; Wai et al., 2012; Cropper et al., 1997). Rajarathnam et al. (2011) conducted
research in Delhi to find out the relationship between air quality and adverse human health, and their results recorded that there was a
positive relationship between air quality and cause of mortalities. Thus from previous research studies, it was clear that concentrations
of particulate matter increase the risk of respiratory mortalities. COVID-19 being a respiratory disease, it is natural to infer that the
concentration of air pollutants largely influences COVID -19 mortalities. Recently, studies have examined how the concentration of air
pollutants was an important risk factor contributing to COVID-19 mortalities (Martelletti and Martelletti, 2020; Ogen, 2020; Zhu et al.,
2020a; Zhu et al., 2020b; Fattorini and Regoli, 2020). Thus, it is obvious that the cities with higher concentration of air pollutants are
highly vulnerable when it comes to COVID-19 mortalities. As per WHO’s report (2018), Delhi was the most polluted capital city of the
world with an annual average PMj 5 concentrations 113.5 pg/m>. Thus higher concentration of PMj 5 in Delhi may have a significant
impact on COVID mortalities. As of 16th June 2020, about 1327 people have died in Delhi owing to the disease (2nd highest COVID
mortalities after Mumbai where 2182 people died due to COVID-19) according to the Economic Times. On the other hand, total
COVID-19 confirmed cases in Delhi were 1,74,748, with deaths at about 4444 people as of 30th August (Government of Delhi, 2020).
Among the ten most severely affected cities in India, Delhi was the second severely affected megacity. Nearly 11% of the total
COVID-19 cases of India were recorded in Delhi. Thus, from the results of previous studies and present study, it can be stated that
higher concentrations of particulate matter have had a significant impact on COVID-19 mortalities in Delhi.

A slew of effective steps has been adopted by the Government of Delhi to control the air pollution level in the capital over the last
ten years. This includes but is not limited to restricting emissions from vehicles, implementation of odd and even motor vehicles,
switching to cleaner fuels, relocation of polluted industries etc. As a result of this, the concentration of SO and lead has gradually
declined. Concentration of particulate matters, on the other hand, have still remained relatively high and above acceptable levels (CSE,
2012; Rizwan et al., 2013; Maji et al., 2018a, 2018b). In addition to this, government needs to be focused towards effective policies to
reduce air pollution level and to combat with the infectious diseases (like COVID-19) in future. During lockdown periods, various
measures were adopted to reduce the spreading of COVID-19 over Delhi such as restricted emissions from factories, industries,
transportations and other economic activities. In Delhi, there are three thermal plants namely Indraprasta Power Station and Rajghat
Power House in east, Badarpur Power Station in north-western parts of Delhi. Thus, restricted emission due to lockdown resulted
reduction particulate matter concentrations over Delhi. In previous studies, it was well documented that industrial activities, con-
structions (road side), transportations, emission from the regional sources were the main source of air pollution (Saxena et al., 2017;
Sen et al., 2016; Sharma et al., 2016). Thus, complete shutdown on transportation, industrial activities and other anthropogenic
activities caused substantial reduction of particulate matter concentration over Delhi during lockdown periods. The concentrations of
particulate matter also varied during different phases of lockdown and unlock phases in 2020 as well as in 2018 and 2019. The main
cause of this spatial variation was due to difference of land use types and anthropogenic activities. For example, it can be stated that
Badarpur Thermal Station is located in north-western parts of Delhi and northern and western parts of Delhi also dominated by
residential areas (Roy and Balling Jr, 2021).

4.1. Limitations of the study

Though this study has immense potentiality to understand the relationship between particulate matter concentration and mete-
orological parameters during pre-lockdown, during lockdown and unlock down periods, respectively. The findings of the study may be
very helpful to understand how in Delhi as most polluted capital city of the world, air quality drastically improved due to restricted
emissions from different sources and restricted anthropogenic activities. In spite of this, this study has some limitations. Firstly, the
PM, s and PM;( data were collected from Central Pollution Control Broad (CPCB) and many times data were not available for a specific
data. In this case, the data of next and last few days were considered. Secondly, the meteorological data were not available for each
CPCB locations, so average meteorological data of the city was collected. Thirdly, unlock phases of lockdown were considered till
August (2020), not all the phases of unlock were taken into consideration and seasons were considered till monsoon (August, 2020)
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5. Conclusion

The study tried to examine the spatio-temporal patterns of particulate matter during pre-lockdown, lockdown and unlock phases; as
well as the relationship of particulate matter concentrations with meteorological parameters in Delhi. The study compared the spatio-
temporal concentrations with that of previous years (2018 and 2019) during same periods of time (April to August) to aid an un-
derstanding of the impact of lockdown and unlock phases upon particulate matter concentrations. Correlation analyses, linear
regression (LR) model was used examine the relationship as well as association between particulate matter concentrationsand
meteorological parameters. The findings of the study recorded that (i) there was substantial decrease of particulate matter concen-
trations in Delhi after implementation of lockdown and during unlock phases. Over 2018-2020 during full lockdown periods, (April
and March 2020). The concentrations of particulate matters (both PM5 5 and PM; ) decreased by about 40%. On the other hand, over
2018-2020 during unlock periods (up to phases III from June to August 2020), particulate matter concentrations decreased by about
35%. (ii) As per results, it was documented that there was an association between particulate matter concentrations and meteorological
parameters in Delhi and the outcomes observed were similar to that seen in previous studies. During periods of lockdown and unlock
phases (up to phases III), there were no significant changes of meteorological conditions in comparison to the last three years (from
2017 to 2019). For example, for all the years, particulate matters had a negative correlation with temperature (r value ranges from
—0.657 to —0.797) and wind speed, respectively. Temperature, in particular, may have tremendous impact on COVID-19 cases as well
as COVID-19 mortalities in Delhi.

The study tried to examine the relationship of particulate matter (PMjy 5 and PM;¢) with meteorological parameters in Delhi rather
than other air pollutants. This may be treated as one of the limitations of the study. But this study focuses on PM, 5 and PM; as
representative measures because both have a wide range of chemical makeup as well as sources. Particulate matters, especially PMj 5
are regarded as air pollutants which have the most negative impact on human health in relation to other pollutants. PM; 5 can
penetrate deep into the human respiratory system and throughout the entire human body due to its small size. This naturally leads to
many short-term and long term health effects. In addition to this, particulate matter is the primary air pollutant which affects most of
the globe. Secondly, there was a lack of data related to COVID-19 cases and COVID-19 mortalities at district and sub-district level
across the city of Delhi. There is, therefore, scope for future research to examine the relationship of particulate matter with meteo-
rological parameters, COVID-19 cases and COVID-19 mortalities at regional level as meteorological conditions, COVID-19 cases and
COVID-19 mortalities may vary across regions.

In spite of the limitations mentioned above, the study undoubtedly makes an important scientific contribution as it may assist in
developing an understanding of how strongly air pollutants are linked with meteorological conditions and how closely it is associated
with infectious disease. The findings of the study will not only help in the future adoption of effective policies and planning for Delhi,
they may also be helpful for other large cities of India as well as the many pollutions affected cities of developing countries.

Author statement
On behalf of all authors, I declare that all authors read and approve the manuscript titled “Exploring short term spatio-temporal

pattern of PMy 5 and PM; and their relationship with meteorological parameters during COVID-19 in Delhi” and there is no con-
flict of interest. The contributions of all authors are equal.

Data availability statement

The datasets used to support the findings of this study are available from the corresponding author on reasonable request.

Authors contribution statement

Conceptualization, Data curation, Formal analysis: MD, AD, SS, SG; Investigation, Methodology, Project administration: MD, AD,
RS, SS; Resources, Software: MD; Supervision, Validation, Visualization: AD, RS, SG; Writing - original draft, Writing - review &
editing: MD, RS, PP.
Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements
The author would like to thank Central Pollution Control Board (CPCB) and Government of Delhi for providing air pollution and
COVID-19 data that helped in fulfilling the objectives of this study. We are also thankful to the Editor in Chief, Urban Climate and

anonymous reviewers to provide their comments to enrich the quality of the manuscript.

17



M. Das et al. Urban Climate 39 (2021) 100944
References

Adams, K., Greenbaum, D.S., Shaikh, R., van Erp, A.M., Russell, A.G., 2015. Particulate matter components, sources, and health: systematic approaches to testing
effects. J. Air Waste Manage. Assoc. 65 (5), 544-558.

Agarwal, R., Jayaraman, G., Anand, S., Marimuthu, P., 2006. Assessing respiratory morbidity through pollution status and meteorological conditions for Delhi.
Environ. Monit. Assess. 114 (1-3), 489-504.

Ahmadi, P., Torabi, S.H., Afsaneh, H., Sadegheih, Y., Ganjehsarabi, H., Ashjaee, M., 2020. The effects of driving patterns and PEM fuel cell degradation on the lifecycle
assessment of hydrogen fuel cell vehicles. Int. J. Hydrog. Energy 45 (5), 3595-3608. https://doi.org/10.1016/j.ijhydene.2019.01.165.

Ali, 1., Alharbi, O.M., 2020. COVID-19: disease, management, treatment, and social impact. Sci. Total Environ. 138861 https://doi.org/10.1016/j.
scitotenv.2020.138861.

Andree, B.P.J., 2020. Incidence of COVID-19 and Connections with Air Pollution Exposure: Evidence from the Netherlands.

Anenberg, S.C., Horowitz, L.W., Tong, D.Q., West, J.J., 2010. An estimate of the global burden of anthropogenic ozone and fine particulate matter on premature
human mortality using atmospheric modeling. Environ. Health Perspect. 118 (9), 1189-1195.

Asher, C.B., 2000. Delhi walled: changing boundaries: the urban enceinte in global perspective. In: City Walls: The Urban Enceinte in Global Perspective, pp. 247-281.
Cambridge.

Auler, A.C., Cassaro, F.A.M., da Silva, V.O., Pires, L.F., 2020. Evidence that high temperatures and intermediate relative humidity might favor the spread of COVID-19
in tropical climate: a case study for the most affected Brazilian cities. Sci. Tot. Environ. https://doi.org/10.1016/j.scitotenv.2020.139090, 139090.

Balakrishnan, K., Dhaliwal, R.S., Shah, B., 2011. Integrated urban-rural frameworks for air pollution and health-related research in India: the way forward. Environ.
Health Perspect. 119 (1), A12.

Banerjee, T., Singh, S.B., Srivastava, R.K., 2011. Development and performance evaluation of statistical models correlating air pollutants and meteorological variables
at Pantnagar, India. Atmos. Res. 99 (3-4), 505-517.

Bashir, M.F., Ma, B., Komal, B., Bashir, M.A., Tan, D., Bashir, M., 2020a. Correlation between climate indicators and COVID-19 pandemic in New York, USA. Sci. Tot.
Environ. https://doi.org/10.1016/].scitotenv.2020.138835, 138835.

Bashir, M.F., Bilal, B.M., Komal, B., 2020b. Correlation between environmental pollution indicators and COVID-19 pandemic: a brief study in Californian context.
Environ. Res. 109652 https://doi.org/10.1016/j.envres.2020.109652.

Becchetti, L., Conzo, G., Conzo, P., Salustri, F., 2020. Understanding the heterogeneity of adverse COVID-19 outcomes: the role of poor quality of air and lockdown
decisions. Available at SSRN 3572548.

Beelen, R., Raaschou-Nielsen, O., Stafoggia, M., Andersen, Z.J., Weinmayr, G., Hoffmann, B., Vineis, P., 2014. Effects of long-term exposure to air pollution on natural-
cause mortality: an analysis of 22 European cohorts within the multicentre ESCAPE project. Lancet 383 (9919), 785-795.

Bell, J.E., Arango, J.C., Anthony, 1.C., 2006. Neurobiology of multiple insults: HIV-1-associated brain disorders in those who use illicit drugs. J. Neurolmmune
Pharmacol. 1 (2), 182-191.

Brooks, W.A., Goswami, D., Rahman, M., Nahar, K., Fry, A.M., Balish, A., Bresee, J., 2010. Influenza is a major contributor to childhood pneumonia in a tropical
developing country. Pediatr. Infect. Dis. J. 29 (3), 216-221.

Cadotte, M., 2020. Early evidence that COVID-19 government policies reduce urban air pollution. https://doi.org/10.31223/0sf.io/nhgj3.

Cesaroni, G., Forastiere, F., Stafoggia, M., Andersen, Z.J., Badaloni, C., Beelen, R., Fratiglioni, L., 2014. Long term exposure to ambient air pollution and incidence of
acute coronary events: prospective cohort study and meta-analysis in 11 European cohorts from the ESCAPE Project. Bmj 348, f7412.

Chhabra, S.K., Chhabra, P., Rajpal, S., Gupta, R.K., 2001. Ambient air pollution and chronic respiratory morbidity in Delhi. Arch. Environ. Health 56 (1), 58-64.

Chowdhury, S., Dey, S., 2016. Cause-specific premature death from ambient PM2. 5 exposure in India: estimate adjusted for baseline mortality. Environ. Int. 91,
283-290.

Chowdhury, S., Dey, S., Guttikunda, S., Pillarisetti, A., Smith, K.R., Di Girolamo, L., 2019. Indian annual ambient air quality standard is achievable by completely
mitigating emissions from household sources. Proc. Natl. Acad. Sci. 116 (22), 10711-10716.

Coccia, M., 2020. Factors determining the diffusion of COVID-19 and suggested strategy to prevent future accelerated viral infectivity similar to COVID. Sci. Total
Environ. https://doi.org/10.1016/j.scitotenv.2020.138474, 138474.

Cropper, M.L., Simon, N.B., Alberini, A., Sharma, P.K., 1997. The Health Effects of Air Pollution in Delhi, India. World Bank, WPS 1860.

CSE, 2012. Maintaining Air Quality Gains of CNG: Agenda for 2nd Generation Reforms to Combat Air Pollution in Delhi. Center for Science and Environment, New
Delhi, India.

Dalziel, B.D., Kissler, S., Gog, J.R., Viboud, C., Bjgrnstad, O.N., Metcalf, C.J.E., Grenfell, B.T., 2018. Urbanization and humidity shape the intensity of influenza
epidemics in US cities. Science 362 (6410), 75-79.

Dantas, G., Siciliano, B., Franca, B.B., da Silva, C.M., Arbilla, G., 2020. The impact of COVID-19 partial lockdown on the air quality of the city of Rio de Janeiro, Brazil.
Sci. Total Environ. 729, 139085. https://doi.org/10.1016/j.scitotenv.2020.139085.

Das, M., Das, A., Ghosh, S., Sarkar, R., Saha, S., 2021a. Spatio-temporal concentration of atmospheric particulate matter (PM2. 5) during pandemic: a study on most
polluted cities of indo-gangetic plain. Urban Clim. 35, 100758.

Das, N., Sutradhar, S., Ghosh, R., Mondal, P., 2021b. Asymmetric nexus between air quality index and nationwide lockdown for COVID-19 pandemic in a part of
Kolkata metropolitan, India. Urban Clim. 36, 100789.

Dey, S., Das, D., Rajesh, R., 2012. Spatial structures and giant number fluctuations in models of active matter. Phys. Rev. Lett. 108 (23), 238001.

Dhaka, S.K., Kumar, V., Panwar, V., Dimri, A.P., Singh, N., Patra, P.K., Hayashida, S., 2020. PM 2.5 diminution and haze events over Delhi during the COVID-19
lockdown period: an interplay between the baseline pollution and meteorology. Sci. Rep. 10 (1), 1-8.

Dholakia, H.H., Bhadra, D., Garg, A., 2014. Short term association between ambient air pollution and mortality and modification by temperature in five Indian cities.
Atmos. Environ. 99, 168-174.

Ellwanger, J.H., Chies, J.A., 2018. Wind: a neglected factor in the spread of infectious diseases. Lancet Planet. Health 2 (11), e475.

Fattorini, D., Regoli, F., 2020. Role of the chronic air pollution levels in the Covid-19 outbreak risk in Italy. Environ. Pollut. 114732 https://doi.org/10.1016/j.
envpol.2020.114732.

Frontera, A., Cianfanelli, L., Vlachos, K., Landoni, G., Cremona, G., 2020. Severe air pollution links to higher mortality in COVID-19 patients: the “double-hit”
hypothesis. J. Infect. https://doi.org/10.1016/].jinf.2020.05.031.

Gambhir, A., Napp, T., Hawkes, A., Hoglund-Isaksson, L., Winiwarter, W., Purohit, P., Lowe, J., 2017. The contribution of non-CO; greenhouse gas mitigation to
achieving long-term temperature goals. Energies 10 (5), 602.

Goel, R., Pant, P., 2016. Vehicular pollution mitigation policies in Delhi. Econ. Polit. Wkly. 51 (9), 41.

Government of Delhi, 2020. Health and Family Welfare. http://health.delhigovt.nic.in/wps/wem/connect/doit_health/Health/Home/COVID+19-+Updates/.
Assessed on 30 August 2020.

Grinn-Gofron, A., Strzelczak, A., Wolski, T., 2011. The relationships between air pollutants, meteorological parameters and concentration of airborne fungal spores.
Environ. Pollut. 159 (2), 602-608.

Gupta, A., Bherwani, H., Gautam, S., Anjum, S., Musugu, K., Kumar, N., Kumar, R., 2020. Air pollution aggravating COVID-19 lethality? Exploration in Asian cities
using statistical models. Environ. Dev. Sustain. 1-10. https://doi.org/10.1007/s10668-020-00878-9.

Gurjar, B.R., Jain, A., Sharma, A., Agarwal, A., Gupta, P., Nagpure, A.S., Lelieveld, J., 2010. Human health risks in megacities due to air pollution. Atmospher. Enviro.
44 (36), 4606-4613.

Guttikunda, S.K., Calori, G., 2013. A GIS based emissions inventory at 1 kmx 1 km spatial resolution for air pollution analysis in Delhi, India. Atmos. Environ. 67,
101-111.

Guttikunda, S.K., Goel, R., 2013. Health impacts of particulate pollution in a megacity—Delhi, India. Environ. Dev. 6, 8-20.

He, G., Pan, Y., Tanaka, T., 2020. The short-term impacts of COVID-19 lockdown on urban air pollution in China. Nat. Sustain. 1-7.

18


http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0005
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0005
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0010
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0010
https://doi.org/10.1016/j.ijhydene.2019.01.165
https://doi.org/10.1016/j.scitotenv.2020.138861
https://doi.org/10.1016/j.scitotenv.2020.138861
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0030
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0035
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0035
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0040
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0040
https://doi.org/10.1016/j.scitotenv.2020.139090
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0050
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0050
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0055
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0055
https://doi.org/10.1016/j.scitotenv.2020.138835
https://doi.org/10.1016/j.envres.2020.109652
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0070
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0070
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0075
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0075
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0080
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0080
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0085
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0085
https://doi.org/10.31223/osf.io/nhgj3
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0100
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0100
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0105
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0110
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0110
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0115
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0115
https://doi.org/10.1016/j.scitotenv.2020.138474
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0130
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0135
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0135
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0140
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0140
https://doi.org/10.1016/j.scitotenv.2020.139085
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0150
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0150
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0155
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0155
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0160
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0165
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0165
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0170
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0170
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0175
https://doi.org/10.1016/j.envpol.2020.114732
https://doi.org/10.1016/j.envpol.2020.114732
https://doi.org/10.1016/j.jinf.2020.05.031
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0190
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0190
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0195
http://health.delhigovt.nic.in/wps/wcm/connect/doit_health/Health/Home/COVID+19+Updates/
http://refhub.elsevier.com/S2212-0955(21)00174-7/optKqBTGX1QHV
http://refhub.elsevier.com/S2212-0955(21)00174-7/optKqBTGX1QHV
https://doi.org/10.1007/s10668-020-00878-9
http://refhub.elsevier.com/S2212-0955(21)00174-7/optnvEJtmQqIR
http://refhub.elsevier.com/S2212-0955(21)00174-7/optnvEJtmQqIR
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0205
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0205
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0210
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0215

M. Das et al. Urban Climate 39 (2021) 100944

icaga, Y., Sabah, E., 2009. Statistical analysis of air pollutants and meteorological parameters in Afyon, Turkey. Environ. Model. Assess. 14 (2), 259-266.

Ilten, N., Selici, A.T., 2008. Investigating the impacts of some meteorological parameters on air pollution in Balikesir, Turkey. Environ. Monit. Assess. 140 (1-3),
267-277.

Jain, S., Sharma, T., 2020. Social and travel lockdown impact considering coronavirus disease (COVID-19) on air quality in megacities of India: present benefits,
future challenges and way forward. Aerosol Air Qual. Res. 20, 1222-1236.

Jayaraman, G., 2008. Air pollution and associated respiratory morbidity in Delhi. Health Care Manag. Sci. 11 (2), 132-138.

Jiang, Y., Xu, J., 2020. The association between COVID-19 deaths and short-term ambient air pollution/meteorological condition exposure: a retrospective study from
Wuhan, China. Air Qual. Atmos. Health 1-5. https://doi.org/10.1007/s11869-020-00906-7.

Khan, N., 2020. An exploratory study of impact of lockdown on air quality of Delhi. Appl. Ecol. Environ. Sci. 8 (5), 261-268.

Kim, D., Chen, Z., Zhou, L.F., Huang, S.X., 2018. Air pollutants and early origins of respiratory diseases. Chronic Dis. Transl. Med. 4 (2), 75-94.

Kliengchuay, W., Cooper Meeyai, A., Worakhunpiset, S., Tantrakarnapa, K., 2018. Relationships between meteorological parameters and particulate matter in Mae
Hong Son province, Thailand. Int. J. Environ. Res. Pub. Health 15 (12), 2801. https://doi.org/10.3390/ijerph15122801.

Korber, R., 2020. Severe Coronavirus and Poor Air Quality Could Be Linked. BreezoMeter. https://blog.breezometer.com/coronavirus-air-quality-connection.

Krewski, D., Jerrett, M., Burnett, R.T., Ma, R., Hughes, E., Shi, Y., Thun, M.J., 2009. Extended Follow-Up and Spatial Analysis of the American Cancer Society Study
Linking Particulate Air Pollution and Mortality (No. 140). Health Effects Institute, Boston, MA.

Kumar, A., Goyal, P., 2011. Forecasting of air quality in Delhi using principal component regression technique. Atmos. Pollut. Res. 2 (4), 436-444.

Kumar, N., Murthy, C., Negi, M.P.S., Verma, A., 2010. Assessment of urban air pollution and it’s probable health impact. J. Environ. Biol. 31 (6), 913-920.

Lin, G., Fu, J., Jiang, D., Wang, J., Wang, Q., Dong, D., 2015. Spatial variation of the relationship between PM2. 5 concentrations and meteorological parameters in
China. BioMed Res. Int. https://doi.org/10.1155/2015/684618.

Liu, L., Liu, C., Chen, R., Zhou, Y., Meng, X., Hong, J., Ding, B., 2020b. Associations of short-term exposure to air pollution and emergency department visits for
pediatric asthma in Shanghai, China. Chemosphere 127856. https://doi.org/10.1016/j.chemosphere.2020.127856.

Ma, J., Ding, Y., Cheng, J.C., Jiang, F., Tan, Y., Gan, V.J., Wan, Z., 2020. Identification of high impact factors of air quality on a national scale using big data and
machine learning techniques. J. Clean. Prod. 244, 118955. https://doi.org/10.1016/j.jclepro.2019.118955.

Mabhato, S., Ghosh, K.G., 2020. Short-term exposure to ambient air quality of the most polluted Indian cities due to lockdown amid SARS-CoV-2. Environ. Res. 188,
109835. https://doi.org/10.1016/j.envres.2020.109835.

Mahato, S., Pal, S., Ghosh, K.G., 2020. Effect of lockdown amid COVID-19 pandemic on air quality of the megacity Delhi, India. Sci. Total Environ. https://doi.org/
10.1016/j.scitotenv.2020.139086, 139086.

Maji, K.J., Arora, M., Dikshit, A.K., 2017. Burden of disease attributed to ambient PM 2.5 and PM 10 exposure in 190 cities in China. Environ. Sci. Pollut. Res. 24 (12),
11559-11572.

Maji, K.J., Dikshit, A.K., Arora, M., Deshpande, A., 2018a. Estimating premature mortality attributable to PM2. 5 exposure and benefit of air pollution control policies
in China for 2020. Sci. Total Environ. 612, 683-693.

Maji, K.J., Namdeo, A., Bell, M., Goodman, P., Nagendra, S.S., Barnes, J.H., Alshetty, D., 2021. Unprecedented reduction in air pollution and corresponding short-term
premature mortality associated with COVID-19 lockdown in Delhi, India. J. Air Waste Manag. Assoc. 1-17.

Maji, S., Ghosh, S., Ahmed, S., 2018b. Association of air quality with respiratory and cardiovascular morbidity rate in Delhi, India. Int. J. Environ. Health Res. 28 (5),
471-490.

Manchanda, C., Kumar, M., Singh, V., Faisal, M., Hazarika, N., Shukla, A., Tripathi, S.N., 2021. Variation in chemical composition and sources of PM2. 5 during the
COVID-19 lockdown in Delhi. Environ. Int. 153, 106541.

Martelletti, L., Martelletti, P., 2020. Air pollution and the novel Covid-19 disease: a putative disease risk factor. SN Comprehens. Clin. Med. 1-5. https://doi.org/
10.1007/542399-020-00274-4.

Monn, C.H., Braendli, O., Schaeppi, G., Schindler, C., Ackermann-Liebrich, U., Leuenberger, P., Sapaldia Team, 1995. Particulate matter<10 pm (PM10) and total
suspended particulates (TSP) in urban, rural and alpine air in Switzerland. Atmospher. Environ. 29 (19), 2565-2573.

Narain, U., Krupnick, A., 2007. The impact of Delhi’s CNG program on air quality. Available at SSRN 969727.

Navinya, C., Patidar, G., Phuleria, H.C., 2020. Examining effects of the COVID-19 national lockdown on ambient air quality across urban India. Aerosol Air Qual. Res.
20 (8), 1759-1771.

Ogen, Y., 2020. Assessing nitrogen dioxide (NO2) levels as a contributing factor to the coronavirus (COVID-19) fatality rate. Sci. Total Environ. 138605 https://doi.
org/10.1016/j.scitotenv.2020.138605.

Ostro, B.D., Lipsett, M.J., Mann, J.K., Braxton-Owens, H., White, M.C., 1995. Air pollution and asthma exacerbations among African-American children in Los
Angeles. Inhal. Toxicol. 7 (5), 711-722.

Otmani, A., Benchrif, A., Tahri, M., Bounakhla, M., El Bouch, M., Krombi, M.H., 2020. Impact of Covid-19 lockdown on PM10, SO2 and NO2 concentrations in Salé
City (Morocco). Sci. Total Environ. 139541 https://doi.org/10.1016/j.scitotenv.2020.139541.

Owoade, O.K., Olise, F.S., Ogundele, L.T., Fawole, O.G., Olaniyi, H.B., 2012. Correlation between particulate matter concentrations and meteorological parameters at
a site in Ile-Ife, Nigeria. Ife J. Sci. 14 (1), 83-93.

Pande, J.N., Bhatta, N., Biswas, D., Pandey, R.M., Ahluwalia, G., Siddaramaiah, N.H., Khilnani, G.C., 2002. Outdoor air pollution and emergency room visits at a
hospital in Delhi. Indian J. Chest Dis. Allied Sci. 44 (1), 13-20.

Pandey, A.K., Pandey, M., Tripathi, B.D., 2016. Assessment of air pollution tolerance index of some plants to develop vertical gardens near street canyons of a polluted
tropical city. Ecotoxicol. Environ. Saf. 134, 358-364.

Pastva, A.M., Wright, J.R., Williams, K.L., 2007. Immunomodulatory roles of surfactant proteins a and D: implications in lung disease. Proc. Am. Thorac. Soc. 4 (3),
252-257.

Paules, C.I., Marston, H.D., Fauci, A.S., 2020. Infeksi Coronavirus—Lebih dari Sekedar Pilek. JAMA 323 (8), 707-708.

Pedersen, M., Giorgis-Allemand, L., Bernard, C., Aguilera, I., Andersen, A.M.N., Ballester, F., Dedele, A., 2013. Ambient air pollution and low birthweight: a European
cohort study (ESCAPE). Lancet Respir. Med. 1 (9), 695-704.

Pekkanen, J., Peters, A., Hoek, G., Tiittanen, P., Brunekreef, B., de Hartog, J., Timonen, K.L., 2002. Particulate air pollution and risk of ST-segment depression during
repeated submaximal exercise tests among subjects with coronary heart disease: the exposure and risk assessment for fine and ultrafine particles in ambient air
(ULTRA) study. Circulation 106 (8), 933-938.

Pope lii, C.A., Burnett, R.T., Thun, M.J., Calle, E.E., Krewski, D., Ito, K., Thurston, G.D., 2002. Lung cancer, cardiopulmonary mortality, and long-term exposure to fine
particulate air pollution. Jama 287 (9), 1132-1141.

Prata, J.C., da Costa, J.P., Lopes, 1., Duarte, A.C., Rocha-Santos, T., 2020. Environmental exposure to microplastics: an overview on possible human health effects. Sci.
Total Environ. 702, 134455. https://doi.org/10.1016/j.scitotenv.2019.134455,

Purohit, P., Amann, M., Mathur, R., Gupta, I., Marwah, S., Verma, V., ... & Heyes, C. (2010). Gains Asia: Scenarios for cost-effective control of air pollution and
greenhouse gases in India.http://pure.iiasa.ac.at/9379.

Qi, H., Xiao, S., Shi, R., Ward, M.P., Chen, Y., Tu, W., Zhang, Z., 2020. COVID-19 transmission in Mainland China is associated with temperature and humidity: a time-
series analysis. Sci. Total Environ. 138778. https://doi.org/10.1016/j.scitotenv.2020.138778.

Raaschou-Nielsen, O., Andersen, Z.J., Beelen, R., Samoli, E., Stafoggia, M., Weinmayr, G., Xun, W.W., 2013. Air pollution and lung cancer incidence in 17 European
cohorts: prospective analyses from the European Study of Cohorts for Air Pollution Effects (ESCAPE). Lancet Oncol. 14 (9), 813-822.

Rai, P.T., 2012. Townships for sustainable cities. Procedia Soc. Behav. Sci. 37, 417-426.

Rajarathnam, U., Sehgal, M., Nairy, S., Patnayak, R.C., Chhabra, S.K., Ragavan, K.V., 2011. Part 2. Time-series study on air pollution and mortality in Delhi. In:
Research Report, 157. Health Effects Institute, pp. 47-74.

Ravindra, K., Singh, T., Biswal, A., Singh, V., Mor, S., 2021. Impact of COVID-19 lockdown on ambient air quality in megacities of India and implication for air
pollution control strategies. Environ. Sci. Pollut. Res. 28 (17), 21621-21632.

19


http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0220
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0225
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0225
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0230
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0230
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0235
https://doi.org/10.1007/s11869-020-00906-7
http://refhub.elsevier.com/S2212-0955(21)00174-7/optjvn32aFEvE
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0250
https://doi.org/10.3390/ijerph15122801
https://blog.breezometer.com/coronavirus-air-quality-connection
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0260
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0260
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0265
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0270
https://doi.org/10.1155/2015/684618
https://doi.org/10.1016/j.chemosphere.2020.127856
https://doi.org/10.1016/j.jclepro.2019.118955
https://doi.org/10.1016/j.envres.2020.109835
https://doi.org/10.1016/j.scitotenv.2020.139086
https://doi.org/10.1016/j.scitotenv.2020.139086
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0305
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0305
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0310
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0310
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0315
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0315
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0320
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0320
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0325
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0325
https://doi.org/10.1007/s42399-020-00274-4
https://doi.org/10.1007/s42399-020-00274-4
http://refhub.elsevier.com/S2212-0955(21)00174-7/optwaaLk9d0EK
http://refhub.elsevier.com/S2212-0955(21)00174-7/optwaaLk9d0EK
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0345
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0350
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0350
https://doi.org/10.1016/j.scitotenv.2020.138605
https://doi.org/10.1016/j.scitotenv.2020.138605
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0360
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0360
https://doi.org/10.1016/j.scitotenv.2020.139541
http://refhub.elsevier.com/S2212-0955(21)00174-7/optSSNHOjdyWM
http://refhub.elsevier.com/S2212-0955(21)00174-7/optSSNHOjdyWM
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0375
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0375
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0380
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0380
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0385
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0385
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0390
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0395
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0395
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0400
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0400
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0400
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0410
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0410
https://doi.org/10.1016/j.scitotenv.2019.134455
http://pure.iiasa.ac.at/9379
https://doi.org/10.1016/j.scitotenv.2020.138778
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0425
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0425
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0430
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0435
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0435
http://refhub.elsevier.com/S2212-0955(21)00174-7/optN49N86BvH4
http://refhub.elsevier.com/S2212-0955(21)00174-7/optN49N86BvH4

M. Das et al. Urban Climate 39 (2021) 100944

Rizwan, S.A., Nongkynrih, B., Gupta, S.K., 2013. Air pollution in Delhi: its magnitude and effects on 40 health. Indian J. Community Med. 38, 48.

Roy, S.S., Balling Jr., R.C., 2021. Impact of the COVID-19 lockdown on air quality in the Delhi Metropolitan Region. Appl. Geogr. 128, 102418. https://doi.org/
10.1016/j.apgeog.2021.102418.

Sahin, M., 2020. Impact of weather on COVID-19 pandemic in Turkey. Sci. Total Environ. 138810 https://doi.org/10.1016/j.scitotenv.2020.138810.

Sarkar, M., Das, A., Mukhopadhyay, S., 2021. Assessing the immediate impact of COVID-19 lockdown on the air quality of Kolkata and Howrah, West Bengal, India.
Environ. Develop. Sustainab. 23 (6), 8613-8642.

Saxena, M., Sharma, A., Sen, A., Saxena, P., Mandal, T.K., Sharma, S.K., Sharma, C., 2017. Water soluble inorganic species of PM10 and PM2. 5 at an urban site of
Delhi, India: seasonal variability and sources. Atmos. Res. 184, 112-125.

Schwartz, J., 2005. Who is sensitive to extremes of temperature? A case-only analysis. Epidemiology 67-72.

Schwartz, J., Morris, R., 1995. Air pollution and hospital admissions for cardiovascular disease in Detroit, Michigan. Am. J. Epidemiol. 142 (1), 23-35.

Sen, A., Ahammed, Y.N., Banerjee, T., Chatterjee, A., Choudhuri, A.K., Das, T., Vachaspati, C.V., 2016. Spatial variability in ambient atmospheric fine and coarse mode
aerosols over indo-Gangetic plains, India and adjoining oceans during the onset of summer monsoons, 2014. Atmos. Pollut. Res. 7 (3), 521-532.

Setti, L., Passarini, F., De Gennaro, G., Barbieri, P., Perrone, M.G., Piazzalunga, A., Miani, A., 2020. The potential role of particulate matter in the spreading of COVID-
19 in Northern Italy: first evidence-based research hypotheses. medRxiv. https://doi.org/10.1101/2020.04.11.20061713.

Sharma, S., Zhang, M., Gao, J., Zhang, H., Kota, S.H., 2020. Effect of restricted emissions during COVID-19 on air quality in India. Sci. Total Environ. 728, 138878.
https://doi.org/10.1016/j.scitotenv.2020.138878.

Sharma, S.K., Mandal, T.K., Jain, S., Sharma, A., Saxena, M., 2016. Source apportionment of PM 2.5 in Delhi, India using PMF model. Bull. Environ. Contam. Toxicol.
97 (2), 286-293.

Sikarwar, A., Rani, R., Chattopadhyay, A., 2020. Is Delhi enjoying Better Air Quality? A Note on the Effect of COVID-19 Lockdown on Air Pollution (No. id: 13061).

Singh, Ramesh P., Chauhan, Akshansha, 2020. Impact of lockdown on air quality in India during COVID-19 pandemic. Air Qual. Atmos. Health 13 (8), 921-928.
https://doi.org/10.1007/511869-020-00863-1.

Singh, V., Singh, S., Biswal, A., Kesarkar, A.P., Mor, S., Ravindra, K., 2020. Diurnal and temporal changes in air pollution during COVID-19 strict lockdown over
different regions of India. Environ. Pollut. 266, 115368.

Smith, K.R., Bruce, N., Balakrishnan, K., Adair-Rohani, H., Balmes, J., Chafe, Z., Rehfuess, E., 2014. Millions dead: how do we know and what does it mean? Methods
used in the comparative risk assessment of household air pollution. Annu. Rev. Public Health 35, 185-206.

Sun, S., Tian, L., Cao, W., Lai, P.C., Wong, P.P.Y., Lee, R.S.Y., Wong, C.M., 2019. Urban climate modified short-term association of air pollution with pneumonia
mortality in Hong Kong. Sci. Total Environ. 646, 618-624.

Tiwari, S., Chate, D.M., Pragya, P., Ali, K., Bisht, D.S., 2012. Variations in mass of the PM 10, PM 2.5 and PM 1 during the monsoon and the winter at New Delhi.
Aerosol Air Qual. Res. 12 (1), 20-29.

Tiwari, S., Srivastava, A.K., Bisht, D.S., Parmita, P., Srivastava, M.K., Attri, S.D., 2013. Diurnal and seasonal variations of black carbon and PM2. 5 over New Delhi,
India: influence of meteorology. Atmos. Res. 125, 50-62.

Tobias, A., Carnerero, C., Reche, C., Massagué, J., Via, M., Minguillén, M.C., Querol, X., 2020. Changes in air quality during the lockdown in Barcelona (Spain) one
month into the SARS-CoV-2 epidemic. Sci. Total Environ. 138540 https://doi.org/10.1016/j.scitotenv.2020.138540.

Travaglio, M., Yu, Y., Popovic, R., Leal, N.S., Martins, L.M., 2020. Links between air pollution and COVID-19 in England. medRxiv. https://doi.org/10.1101/
2020.04.16.20067405.

Trivedi, D.K., Ali, K., Beig, G., 2014. Impact of meteorological parameters on the development of fine and coarse particles over Delhi. Sci. Total Environ. 478,
175-183.

Turalioglu, F.S., Nuhoglu, A., Bayraktar, H., 2005. Impacts of some meteorological parameters on SO2 and TSP concentrations in Erzurum, Turkey. Chemosphere 59
(11), 1633-1642.

Van Doremalen, N., Bushmaker, T., Morris, D.H., Holbrook, M.G., Gamble, A., Williamson, B.N., Lloyd-Smith, J.O., 2020. Aerosol and surface stability of SARS-CoV-2
as compared with SARS-CoV-1. N. Engl. J. Med. 382 (16), 1564-1567.

Wai, W.T., San, W.T.W., Shun, M.A.W.H., Hon, A.L.K., Ng, M.S.K., Yeung, M.D., Ming, W.C., 2012. A study of the air pollution index reporting system. Stat. Model. 13,
15.

Wang, M., Jiang, A., Gong, L., Lu, L., Guo, W., Li, C., Zheng, J., Li, C., Yang, B., Zeng, J., Chen, Y., Zheng, K., Li, H., 2020b. Temperature SignificantlyChange COVID-
19Transmission in 429 cities. medRxiv. https://doi.org/10.1101,/2020.02.22.20025791.

Wang, P., Cao, J., Tie, X., Wang, G., Li, G., Hu, T., Zhan, C., 2015. Impact of meteorological parameters and gaseous pollutants on PM2. 5 and PM10 mass
concentrations during 2010 in Xi’an, China. Aerosol Air Qual. Res. 15 (5), 1844-1854.

Wang, Y., Wang, Y., Chen, Y., Qin, Q., 2020a. Unique epidemiological and clinical features of the emerging 2019 novel coronavirus pneumonia (COVID-19) implicate
special control measures. J. Med. Virol. 92 (6), 568-576. https://doi.org/10.1002/jmv.25748.

Watts, J., Kommenda, N., 2020. Coronavirus pandemic leading to huge drop in air pollution. Guardian 23.

Weinmayr, G., Hennig, F., Fuks, K., Nonnemacher, M., Jakobs, H., Mohlenkamp, S., Moebus, S., 2015. Long-term exposure to fine particulate matter and incidence of
type 2 diabetes mellitus in a cohort study: effects of total and traffic-specific air pollution. Environ. Health 14 (1), 53.

WHO (World Health Organization). 2014. 7 million premature deaths annually linked to air pollution. http://www.who.int/mediacentre/news/releases/2014/air-
pollution/en/.

Wilson, A.D., 2014. Electronic-nose applications in forensic science and for analysis of volatile biomarkers in the human breath. J. Forens. Sci. Criminol. 1 (1), 1-21.

Wong, T.W., Tam, W.S., Yu, T.S., Wong, A.H.S., 2002. Associations between daily mortalities from respiratory and cardiovascular diseases and air pollution in Hong
Kong, China. Occup. Environ. Med. 59 (1), 30-35.

Wu, X., Nethery, R.C., Sabath, B.M., Braun, D., Dominici, F., 2020b. Exposure to air pollution and COVID-19 mortality in the United States. medRxiv. https://doi.org/
10.1101/2020.04.05.20054502.

Wu, Y., Jing, W., Liu, J., Ma, Q., Yuan, J., Wang, Y., Liu, M., 2020a. Effects of temperature and humidity on the daily new cases and new deaths of COVID-19 in 166
countries. Sci. Total Environ. 139051 https://doi.org/10.1016/j.scitotenv.2020.139051.

Xie, J., Zhu, Y., 2020. Association between ambient temperature and COVID-19 infection in 122 cities from China. Sci. Total Environ. 724 https://doi.org/10.1016/j.
scitotenv.2020.138201.

Xu, G., Ren, X., Xiong, K., Li, L., Bi, X., Wu, Q., 2020. Analysis of the driving factors of PM2.5 concentrations in the air: a case study of the Yangtze River Delta, China.
Ecol. Indicat. 110, 105889. https://doi.org/10.1016/j.ecolind.2019.105889.

Yongjian, Z., Jingu, X., Fengming, H., Liging, C., 2020. Association between short-term exposure to air pollution and COVID-19 infection: evidence from China. Sci.
Total Environ. 138704 https://doi.org/10.1016/j.scitotenv.2020.138704.

Yuan, Y., Padol, L.T., Hunt, R.H., 2006. Peptic ulcer disease today. Nat. Clin. Pract. Gastroenterol. Hepatol. 3 (2), 80-89.

Zhang, H., Wang, Y., Hu, J., Ying, Q., Hu, X.M., 2015b. Relationships between meteorological parameters and criteria air pollutants in three megacities in China.
Environ. Res. 140, 242-254.

Zhang, Y., He, M., Wu, S., Zhu, Y., Wang, S., Shima, M., Ma, L., 2015a. Short-term effects of fine particulate matter and temperature on lung function among healthy
college students in Wuhan, China. Int. J. Environ. Res. Public Health 12 (7), 7777-7793. https://doi.org/10.3390/ijerph120707777.

Zhang, Z., Xue, T., Jin, X., 2020. Effects of meteorological conditions and air pollution on COVID-19 transmission: evidence from 219 Chinese cities. Sci. Tot. Environ.
741, 140244.

20


http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0440
https://doi.org/10.1016/j.apgeog.2021.102418
https://doi.org/10.1016/j.apgeog.2021.102418
https://doi.org/10.1016/j.scitotenv.2020.138810
http://refhub.elsevier.com/S2212-0955(21)00174-7/opt0jYtTdvFNU
http://refhub.elsevier.com/S2212-0955(21)00174-7/opt0jYtTdvFNU
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0460
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0460
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0465
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0470
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0475
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0475
https://doi.org/10.1101/2020.04.11.20061713
https://doi.org/10.1016/j.scitotenv.2020.138878
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0490
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0490
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0495
https://doi.org/10.1007/s11869-020-00863-1
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0505
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0505
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0515
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0515
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0520
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0520
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0525
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0525
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0530
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0530
https://doi.org/10.1016/j.scitotenv.2020.138540
https://doi.org/10.1101/2020.04.16.20067405
https://doi.org/10.1101/2020.04.16.20067405
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0545
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0545
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0550
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0550
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0555
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0555
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0560
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0560
https://doi.org/10.1101/2020.02.22.20025791
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0570
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0570
https://doi.org/10.1002/jmv.25748
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0580
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0585
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0585
http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/
http://www.who.int/mediacentre/news/releases/2014/air-pollution/en/
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0590
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0595
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0595
https://doi.org/10.1101/2020.04.05.20054502
https://doi.org/10.1101/2020.04.05.20054502
https://doi.org/10.1016/j.scitotenv.2020.139051
https://doi.org/10.1016/j.scitotenv.2020.138201
https://doi.org/10.1016/j.scitotenv.2020.138201
https://doi.org/10.1016/j.ecolind.2019.105889
https://doi.org/10.1016/j.scitotenv.2020.138704
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0625
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0635
http://refhub.elsevier.com/S2212-0955(21)00174-7/rf0635
https://doi.org/10.3390/ijerph120707777
http://refhub.elsevier.com/S2212-0955(21)00174-7/optCbnMIx2AzX
http://refhub.elsevier.com/S2212-0955(21)00174-7/optCbnMIx2AzX

M. Das et al. Urban Climate 39 (2021) 100944

Zhu, L., She, Z.G., Cheng, X., Qin, J.J., Zhang, X.J., Cai, J., Li, H., 2020a. Association of blood glucose control and outcomes in patients with COVID-19 and pre-
existing type 2 diabetes. Cell Metab. https://doi.org/10.1016/j.cmet.2020.04.021.

Zhu, Y., Xie, J., Huang, F., Cao, L., 2020b. The mediating effect of air quality on the association between human mobility and COVID-19 infection in China. Environ.
Res. 189, 109911. https://doi.org/10.1016/j.envres.2020.109911.

Zhu, Y., Xie, J., Huang, F., Cao, L., 2020c. Association between short-term exposure to air pollution and COVID-19 infection: evidence from China. Sci. Tot. Environ.
727, 138704. https://doi.org/10.1016/j.scitotenv.2020.138201.

21


https://doi.org/10.1016/j.cmet.2020.04.021
https://doi.org/10.1016/j.envres.2020.109911
https://doi.org/10.1016/j.scitotenv.2020.138201

	Exploring short term spatio-temporal pattern of PM2.5 and PM10 and their relationship with meteorological parameters during ...
	1 Introduction
	2 Materials and method
	2.1 About study area: Delhi megacity
	2.2 Collection of air quality data (PM2.5 and PM10)
	2.3 Collection of meteorological data
	2.4 Statistical analysis

	3 Result
	3.1 Comparison pattern of particulate matters concentration in last two years
	3.2 Pattern of particulate matter concentrations in different phases
	3.2.1 Before lockdown period (from January to March, 2020)
	3.2.2 During full lockdown period (from last week of March to 31st May, 2020)
	3.2.3 During unlock periods (from 1st June to 31st August, 2020)

	3.3 Seasonal pattern of particulate matters concentration
	3.4 Relationship between meteorological parameters and particulate matter concentrations

	4 Discussion
	4.1 Limitations of the study

	5 Conclusion
	Author statement
	Data availability statement
	Authors contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


